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ABSTRACT. Bactrocera dorsalis (Hendel) and B. papayae Drew & Hancock 
represent a closely related sibling species pair for which the biological species 
limits are unclear; i.e., it is uncertain if they are truely two biological species, or 
one biological species which has been incorrectly taxonomically split.  The 
geographic ranges of the two taxa are thought to abut or overlap on or around 
the Isthmus of Kra, a recognised biogeographic barrier located on the narrowest 
portion of the Thai Peninsula.  We collected fresh material of B. dorsalis sensu 
lato (i.e., B. dorsalis sensu stricto + B. papayae) in a north-south transect down 
the Thai Peninsula, from areas regarded as being exclusively B. dorsalis s.s., 
across the Kra Isthmus, and into regions regarded as exclusively B. papayae.  
We carried out microsatellite analyses and took measurements of male genitalia 
and wing shape.  Both the latter morphological tests have been used previously 
to separate these two taxa.  No significant population structuring was found in the 
microsatellite analysis and results were consistent with an interpretation of one, 
predominantly panmictic population.  Both morphological datasets showed 
consistent, clinal variation along the transect, with no evidence for disjunction. No 
2 
 
evidence in any tests supported historical vicariance driven by the Isthmus of 
Kra, and none of the three datasets supported the current taxonomy of two 
species.  Rather, within and across the area of range overlap or abutment 
between the two species, only continuous morphological and genetic variation 
was recorded.  Recognition that morphological traits previously used to separate 
these taxa are continuous, and that there is no genetic evidence for population 
segregation in the region of suspected species overlap, is consistent with a 
growing body of literature that reports no evidence of biological differentiation 
between these taxa. 
 
BACKGROUND 
While central to biodiversity and evolutionary studies, systematics is equally important in 
agricultural pest management and other areas of applied biology (Cracraft, 2002).  For 
applied biologists, the systematic questions often are focused on issues of species 
delimitation (Cracraft, 2000; Walter, 2003), because even closely related species may vary 
in biologically-important traits such as disease vectoring, host preferences and seasonal 
phenology (Barik, 2009; Clarke et al.,2001; Garros et al., 2006).  International plant 
biosecurity requires species level taxonomy and systematic issues to be resolved accurately, 
as the presence of a pest species in one country, but not another, impacts on market 
access, trade and quarantine (Armstrong et al., 1997; Boykin et al., 2012). 
Because of the importance of ‘getting it right’ for food security and/or global trade, 
resolving insect sibling species complexes of agriculturally-important insects is moving 
beyond single tools (i.e., morphology or genetics alone) towards integrative taxonomy 
(sensu Dayrat, 2005), in which multiple, independent tools are applied to species 
delimitation.  While there are a growing number of papers putatively using integrative 
taxonomy in the agriculture field, few can be truly identified as such.  The majority of papers 
are better defined as iterative taxonomy (sensu Yeates et al., 2011), in which an initial line of 
evidence (often molecular) is given support subsequently by other lines of evidence, but 
which are not in themselves truly independent tests of a hypothesis (Roe & Sperling, 2007; 
Moyal et al., 2011; Mitchell & Maddox, 2012; Pina et al., 2012). Few papers follow the 
recommended protocols for integrative taxonomy, which include stating the species 
definition used, developing testable hypothesis/es relevant to that definition, and then testing 
the hypothesis with at least three independent lines of research; only after which are 
interpretations of species limits made (Schlick-Steiner et al., 2010).  We are aware of some 
papers that broadly follow this approach (Heethoff et al., 2011; Tixier et al., 2011; Tosevski 
et al., 2011), but they remain uncommon. In this paper we contribute to integrative taxonomy 
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studies with a pair of pest Diptera which are of international importance as agricultural and 
quarantine pests. 
The Bactrocera dorsalis species complex (Diptera: Tephritidae) is a group of over 70 
fruit fly species which contains some of the world’s major horticultural pests (White & Elson-
Harris, 1992). Within this species complex, B. dorsalis s.s. (Hendel) and B. papayae Drew & 
Hancock are two of the most economically destructive (Clarke et al., 2005). The species 
occupy allopatric distributions relative to each other.  The ‘native range’ (i.e., not including 
invaded regions such as Hawaii) of B. dorsalis s.s. is across much of Asia into southeast 
Asia as far south as the Isthmus of Kra on the Thai/Malay peninsula.  The native geographic 
distribution of B. papayae is stated to begin at the Isthmus of Kra and extend south and 
eastwards into the Indonesian archipelago (Drew & Hancock, 1994; Clarke et al., 2005). The 
Isthmus of Kra, the narrowest portion of the Thai/Malay peninsula is recognised as a 
biogeographic transition zone between Indochinese and Sundaic biotas (Woodruff, 2010). 
As is the case with some other members of the B. dorsalis species complex (especially B. 
philippinensis Drew & Hancock, B. invadens Drew, Tsuruta & White and B. carambolae 
Drew & Hancock), morphological, genetic, and other biological similarities between B. 
dorsalis s.s. and B. papayae renders their identification problematic; often their geographical 
distributions are the only ‘character’ by which they can be discriminated (Clarke et al., 2005; 
Shearman et al., 2006).  An ongoing research effort is being directed towards resolving the 
biological relationships among these taxonomically challenging species, with some 
publications finding no difference between them (Tan et al., 2011), and others finding subtle 
morphological differences (Drew et al., 2008).  Recent molecular phylogenies and species-
level barcoding studies consistently suggest that these taxa are very close genetically 
(Armstrong & Ball, 2005; Chua et al., 2010; Krosch et al., 2012). However, it is still unclear 
from the literature whether, where such differences are found, these equate to inter-specific 
or intra-specific variation (Schutze et al., 2012). Given the international trade and pest 
management implications of synonymising these species, or alternatively maintaining their 
taxonomic separation, it is important that as many lines of evidence as possible are 
explored. 
Given that the distributions of B. dorsalis s.s. and B. papayae are inferred to abut at or 
around the Kra Isthmus (Drew & Hancock, 1994), we considered a detailed study of the 
putative transition zone between these two taxa, in the form of a transect study across the 
Kra Isthmus, a key element of determining the species status of these flies.  This is because, 
based on island biogeographic theory (Macarthur & Wilson, 1967), we suspected that the 
Kra Isthmus may have been a major driver in the separation of these two 
species/populations. For this study we follow the unified species concept of de Queiroz 
(2007), which defines species as separately evolving metapopulation lineages.  Following 
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from this definition we predicted that as we moved south down the Isthmus from B. dorsalis 
s.s. territory into B. papayae territory then we would expect to see, if the two taxa are two 
distinct species: (i) a geographically abrupt or staggered zone of overlap between two 
distinct lineages (i.e., between the two species); or, alternatively and less likely (ii) evidence 
of a geographically-limited hybrid zone.  Alternatively, if B. dorsalis s.s. and B. papayae are 
simply populations of one evolutionary lineage (i.e., one species), then we would expect to 
see no evidence of population disjunctions as we sample across the Isthmus.  In this study 
we test these predictions using three, essentially independent tools: microsatellites to assess 
contemporary gene flow; geometric morphometric shape analysis of wings; and 
morphometric analysis of male genitalia.   
Several studies have examined historical population structure of mainly Chinese 
populations of B. dorsalis s.s. based on mitochondrial DNA sequence data (Shi et al., 2005; 
Liu et al., 2007; Chen & Ye, 2008; Li et al., 2011; Wan et al., 2011), but despite the 
existence of microsatellite markers for both B. dorsalis s.s. and B. papayae (Dai et al., 2004; 
Aketarawong et al., 2006; Shearman et al., 2006), there remains only a single study of 
contemporary population structure for B. dorsalis s.s. using such information (Aketarawong 
et al., 2007), and no microsatellite studies have been undertaken for B. papayae. High levels 
of gene flow and little population structure has been revealed in B. dorsalis s.s. in Thailand, 
Laos and Cambodia (Aketarawong et al., 2007), with some evidence of isolation between 
populations from Myanmar and Thailand and Laos. Importantly, the southern limit of this 
study was central Thailand and thus excluded the B. dorsalis s.s. / B. papayae transition 
zone on the Isthmus of Kra or regions further south.  The use of microsatellites in the current 
paper is a core element and is used to estimate contemporary gene flow among fly 
populations collected across the Isthmus. 
Traditional and geometric morphometrics are additional tools for population level 
analysis that are essentially independent of molecular data and which have proven effective 
in resolving both intra- and interspecific relationships among diverse taxa (Dujardin et al., 
2003; Aytekin et al., 2007; Bouyer et al., 2007; O’Connor et al., 2011).  Specifically for our 
project, geometric morphometric shape analysis of wings has been useful to separate 
members of the B. dorsalis species complex (Schutze et al., 2012). Likewise morphometry of 
the male aedeagus is regarded as an effective tool for taxon discrimination for certain 
members of the B. dorsalis species complex (Iwahashi, 1999a, b, 2000, 2001), with B. 
dorsalis s.s. reported to have a significantly shorter male aedeagus than B. papayae (Drew 
et al., 2008).  Wing shape and aedeagal length data thus broaden the inferences we can 
draw from this study. 
Our specific aims are therefore: a) to use microsatellite markers to conduct a 
comprehensive analysis of contemporary gene flow and population structure of B. dorsalis 
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s.l. from northern Thailand to the Malaysia peninsula, focussing on the hypothesised zone of 
transition between B. dorsalis s.s. and B. papayae on the Isthmus of Kra; b) to undertake 
geometric morphometric wing shape analysis of samples from the same locations, thus 
forming a parallel and independent assessment of population structure; and c) to relate this 
information to traditional morphometrics of male aedeagi across the same north-south 
transect. Taken together, this information is expected to contribute towards a better 
understanding of the population structure, geographic range, and extent of dispersal of B. 
dorsalis s.l. along the Thai/Malay peninsula, together with contributing toward resolving the 
biological relationship between B. dorsalis s.s. and B. papayae.  The information adds to our 
broader understanding of the importance of the Kra Isthmus to the biogeography of the 
region.  Because this paper represents only one component of a broader integrative 
taxonomy study, we do not make or recommend formal taxonomic changes here, but we do 
develop in the Discussion how taxonomic decisions will be made if required. 
 
MATERIAL AND METHODS 
 
Study sites and sample collection 
 
Adult male B. dorsalis s.l. (i.e., B. dorsalis s.s. + B. papayae) were collected from fourteen 
sites across south east Asia extending from San Pa Tong, Chiang Mai (northern Thailand) to 
Serdang, peninsula Malaysia (Fig. 1, Table 1). As the hypothesised zone of transition from 
B. dorsalis s.s. to B. papayae occurs at some point along the Isthmus of Kra, we undertook a 
field expedition during December 2009 along a north-south transect across this region that 
included 12 sample sites located approximately 50-100km apart between Bangkok and 
southern Thailand (Fig. 1).  The collection from San Pa Tong was undertaken in March 2010 
and that from Serdang in November 2010. These latter two sites effectively act as “controls”, 
as each is embedded within what should be B. dorsalis s.s. and B. papayae territories, 
respectively (Drew & Hancock, 1994).  These sites act also to extend the transect to assess 
for isolation by distance effects which may be otherwise masked by the relatively small 
geographic area covered by the majority of sample sites.   
Flies were collected into methyl eugenol/insecticide-baited hanging traps containing 
propylene glycol as a preserving agent for all sites except Serdang, for which flies were 
reared from approximately 6 kg of field-infested bananas (Musa acuminata x balbisiana 
hybrids, vars. Mas, Berangan and Lemak). All samples other than those collected from 
Serdang were shipped to the Queensland University of Technology (QUT), Brisbane, 
Australia, for morphological identification and processing.  Flies were identified (by MKS) 
based on published descriptions (Drew & Hancock, 1994).  Serdang flies were reared from 
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infested fruit at the FAO-IAEA Agriculture and Biotechnology Laboratories, Seibersdorf 
Austria, and these flies were subsequently identified based on external morphology and 
male genitalia length as B. papayae by Prof. R.A.I. Drew of Griffith University, Australia. 
Sample sizes from each site known only after completion of sorting; logistical constraints 
prevented revisiting sample sites and hence sample sizes are uneven across sites. For 
nearly all fly samples, three legs (fore, mid and hind) were removed for genetic analysis and 
one wing (usually the right) was removed for geometric shape analysis.  For each site, a 
subset of these flies were further dissected, with the aedeagi removed and slide mounted for 
morphometrics. Although a complete 1:1 correlation between material used for genetic and 
shape analysis was attempted, this was not always achieved due to difficulties in amplifying 
genetic material for some samples and some flies used for genetic analysis had damaged 
wings. Nevertheless the majority (81%) of material examined had both genetic and wing 
shape data used. Voucher samples are held at QUT. 
 
Molecular procedures and analyses 
Fly tissues for genetic analysis were sent to the Elizabeth Macarthur Agricultural Institute 
(EMAI), New South Wales, for extraction of genomic DNA. Aliquots were sent to QUT for 
amplification of microsatellite loci. Ten microsatellite loci (Table 2) were amplified in a 12 µL 
reaction using a standard PCR protocol of 3 µL of 1:10 diluted gDNA, either 2 µL or 1.75 µL 
of 5X MyTaq Red Reaction Buffer (Bioline, London, UK), 0.5 µL of each primer (10 pmol/µL: 
unlabelled reverse primers were manufactured by Geneworks, Adelaide, Australia, dye-
labelled forward primers were manufactured by Applied Biosystems, Carlsbad, USA) and 
0.1 µL of MyTaq DNA Polymerase (Bioline).  Thermal cycling involved initial denaturing at 
96°C for 2 mins, followed by 30 cycles of 94°C for 15s, 30s at the specific annealing 
temperature, and 72°C for 25s. Final extension was carried out at 72°C for 1 minute. 
Specific annealing temperature and volume of 5X MyTaq Red Reaction Buffer is given for 
each locus in Table 2. Fragments were analysed on an ABI 3500 sequencing platform in a 
sequencing reaction of 8 µL of Hi-DiTM formamide (ABI), 1 µL of GSLIZ600 sequencing size 
standard (ABI) and 1 µL of each PCR product.  
Allele sizes were checked and scored in GeneMapper Version 4.1 (ABI) and the 
number of alleles per locus was calculated using FSTAT Version 2.9.3.2 (Goudet, 1995). 
Tests of Hardy-Weinberg Equilibrium (HWE) and Linkage Disequilibrium (LD) were 
conducted in FSTAT and statistical significance was provided by performing 1000 
permutations. We tested for differentiation among populations using two approaches: a sum 
of squared allele size difference method (pairwise RST) conducted in Arlequin Version 3.11 
(Excoffier et al., 2005); and an allele frequency-based approach conducted using the online 
GenePop Version 4.0.10 resource (Raymond & Rousset, 1995; Rousset, 2008). We 
7 
 
corrected for the effect of multiple tests by using a modification of the false discovery rate 
method (Rice, 1989). 
Hierarchical structuring of populations was assessed using AMOVA in Arlequin, 
based on among-site RST estimates. Clustering of sites based on among-site RST indices 
was conducted using multidimensional scaling (MDS) in accordance with Lessa (1990). We 
used the ALSCAL analysis in the PASW Statistics Version 18 software package which 
converts populations to points in a two-dimensional space, with linear distances between 
points proportional to relative RST estimates among populations.  Hypotheses of IBD were 
assessed between geographical distance and genetic distance among populations (RST) by 
linear regression analysis.  
Bayesian clustering of individuals without prior assignment to population was 
performed in the software package STRUCTURE Version 2.3.3 (Pritchard et al., 2000). We 
ran the program for 10 iterations of 600000 generations, with the initial 100000 generations 
removed as burn-in from each iteration. To avoid making assumptions about the shared 
descent of all sampled populations and subsequent bias in the analyses (Rosenberg et al., 
2005), separate alpha values for each population were implemented and allele frequencies 
were set to be uncorrelated. The program uses multilocus microsatellite allele frequencies to 
assign individuals to K number of clusters. The user must decide which value of K is most 
appropriate given the data. Generally, the log-probability for each value of K is a good 
estimator of the true value of K.  If log-probabilities for several values of K are very similar, it 
is recommended that the smallest K that captures the major structure in the data be chosen.  
This can be problematic where contact zones exist and instead it is recommended that the 
ad hoc statistic ∆K be used to determine the uppermost level of hierarchical structure in such 
situations (Evanno et al., 2005). This method also has its drawbacks, however, as it cannot 
be used to determine if K=1 bests describes the observed structure.  We used the online 
resource Structure Harvester (Earl & vonHoldt, 2011) to summarise the results files from 
STRUCTURE and infer the most likely value of K. The program CLUMPP Version 1.1.2 
(Jakobsson & Rosenberg, 2007) was used to summarise cluster membership coefficient 
matrices for each value of K, and the resulting mean permuted matrices were used as input 
in the software distruct (Rosenberg, 2004) for producing admixture graphs. 
 
Wing geometric morphometric analyses 
One wing from each fly was removed for slide mounting, image capture and analysis. 
Usually the right wing was dissected; however if damaged the left was used instead (~10% 
of instances and approximately evenly distributed across samples). Wings were slide 
mounted using DPX mounting agent and air-dried prior to image capture using an AnMo 
Dino-Eye microscope eye-piece camera (model # AM423B) mounted into a Leica MZ6 
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stereo-microscope. Wing landmark selection (Fig. 2) and digitisation followed (Schutze et al., 
2012). 
The size of each wing was assessed as ‘centroid size’, an isometric estimator of size 
calculated as the square root of the summed distances of each landmark from the centre of 
the landmark configuration; and was calculated using the computer program MORPHOLOGIKA 
v2.5 (O’Higgins & Jones, 2006). One-way analysis of variance followed by the Tukey post 
hoc test was applied to a priori groups based on sample location to determine significant 
differences (α= 0.05) among sites with respect to wing size. 
Raw landmark coordinate data were imported into the computer program MORPHOJ 
v1.02E (Klingenberg, 2011) for shape analysis. Data were subjected first to Procrustes 
superimposition to remove all but shape variation (Rohlf, 1999). Multivariate regression of 
the dependant wing-shape variable against centroid size (independent variable) was 
conducted to assess the effect of wing size on wing shape (i.e.,allometry) (Drake & 
Klingenberg, 2008; Schutze et al., 2012). The statistical significance of this regression was 
tested by permutation tests (10,000 replicates) against the null hypothesis of independence. 
To correct for allometry influence on shape variation, subsequent analyses were undertaken 
using the residual components as determined from the regression of shape on centroid size. 
Samples were a priori assigned to one of 14 sample location groups (as for centroid 
size analysis), from which subsequent canonical variates analysis (CVA) was applied to 
determine relative differences in wing shape among groups. Significant differences were 
determined via permutation tests (1000 permutation rounds) for Mahalanobis distances 
among groups. We regressed pair-wise geographic distance (km) against pair-wise 
Mahalanobis distance as calculated from CVA to test for isolation by distance (IBD) effects 
(Iwaizumi et al., 1997).  
 
Analyses of morphometrics of aedeagi 
Five individuals were selected randomly from each of the 14 sample sites for dissection of 
the aedeagi. As samples had been preserved in >70% ethanol, abdomens were removed 
and immersed in 10% KOH solution overnight to soften prior to dissection. Softened 
abdomens were dissected gently under water using a Leica MZ6 stereo-microscope, from 
which aedeagi were removed from remaining genitalic structures and straightened on a 
microscope slide using fine forceps. Measurements were made from the base of the 
aedeagus to the base of the distiphallus according to Wright (1943) (Fig. 3). Measurements 
were taken to the nearest 0.01 mm. To determine variation across the north-south transect 
from San Pa Tong to Serdang, we undertook a linear regression analysis of aedeagus length 
against latitude. 
 
9 
 
RESULTS 
 
Microsatellite Analysis 
 
In total, 318 individuals from the 14 sample sites were screened for the 10 microsatellite loci 
listed in Table 2. We observed 122 alleles across the 10 loci, ranging from five to 17 per 
locus (Table 3). Average gene diversity over all loci per site ranged from 0.504806 +/- 
0.279320 (Sam Phraya) to 0.648947 +/- 0.357888 (Khao Sok). Pairwise RST estimates 
among sites suggested that Serdang, Malaysia, was most different from other sites, being 
significantly different to six others (Table 4). The pattern of pairwise RST estimates among 
Thai sites appeared not to be indicative of distinct bisection of populations across a 
biogeographic barrier; most pairwise comparisons were non-significant across the range. 
Likewise, significant differences in allele frequencies were observed largely only between 
Serdang and other sites along the transect (data not shown). 
Hierarchical AMOVA suggested that only 2.64% of the variation was among 
populations, with the remaining 97.36% found within populations. Multidimensional scaling 
plots showed an apparent random scattering of populations across two-dimensional space 
(Fig. 4), suggesting that there were no statistically-supported clusters within our sample. 
Tests of isolation by distance showed a significant correlation between geographic and 
genetic distance (Fig. 5). 
Bayesian clustering of individuals suggested that there were K=5 groups within the 
sampled range according to the Evanno et al. (2005) method of assessing ∆K (Fig. 6e). 
However on summarising individual assignment tables into an easily interpretable graphic 
(Fig. 6d), this result clearly was misleading. In reality only a single large cluster dominated 
the ancestry of all sampled individuals, implying no genetic structure across the study region. 
This pattern was consistent for analyses of multiple values of K (2≤K≤5, Fig. 6a-d). 
Furthermore, log-probabilities for tested values of K were similar (differing by <60) for 
K=1...5, with K=1 in fact being the highest supported value of K (lnP = -8396.94).  This 
suggested that the Evanno et al. (2005) method was inappropriate in this case and that no 
structure was evident in the data. 
 
Wing geometric morphometric analyses 
Two-hundred and eighty-five males from 14 sample sites from Thailand and Peninsula 
Malaysia were examined for wing shape variation using geometric morphometric analysis. 
Although centroid wing sizes were significantly different among sampling locations (F = 
2.74413,271, P < 0.01), post hoc tests revealed no particular latitudinal trend associated with 
collection location (see Supplementary File 1). Largest wings belonged to flies sampled from 
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Samut Sakhon (Thailand) (centroid size = 6.40), the smallest were from Khao Phang 
(Thailand) (centroid size = 5.77). There was a significant allometric effect (P < 0.0001) which 
was predicted to account for 4.37% of the size variation. Therefore we conducted the 
subsequent CVA on corrected data to account for allometric effects. 
Canonical variates analysis yielded 13 canonical variates, for which the first two 
accounted for 51% of the variation (Fig. 7, Table 5). Although the first two variates did not 
strongly resolve any particular groups, the proportion of significant differences in 
Mahalanobis distances between locations tended to increase with increasing geographic 
distance between collection sites (Table 6). This IBD trend was supported further following 
regression of pair-wise Mahalanobis distances against respective geographic distances (r2 = 
0.265, P < 0.0001) (Fig. 8). 
A closer inspection of comparisons among groups revealed that while significant 
differences between most groups (based on Mahalanobis distances) appeared unstructured, 
there was an apparent distinction between sites 11, 13 and 14 with respect to all other 
localities (Table 6). All other sites (1-10, 12) were not significantly different to at least one 
other location, sites 11, 13 and 14 differed significantly from all sites north of the Isthmus of 
Kra seaway (with one exception, site 13 with site 2), as well as with site 9 which was south 
of the hypothesised location of that seaway (Fig. 1).  However, it should be noted that site 14 
also differed from sites 11 and 12, while site 13 was different also to site 11.  So the pattern 
was not simply that the most southern sites differ from the northern sites, but that to a large 
extent they were also different from one another (Table 6).  
Overall, there was no consistent pattern in the wing shape data to suggest two species 
occurred in the transect area. Rather, site-specific population differentiation appeared 
evident, along with a significant IBD effect. Such variation suggests intra-specific variation 
exists within a single biological species, rather than inter-specific variation between two 
species. 
 
Morphometric analyses of aedeagi 
Seventy males from across all sample sites (5 males/site) were dissected for the 
measurement of their aedeagi (not including distiphallus). Lengths ranged from 2.41mm 
(Prachuap Khilikhan, latitude 11.57°N) to 3.06mm (Serdang, latitude 3.01°N), with a mean 
(±S.E.) aedeagus length for all samples of 2.66 ± 0.02mm. The regression of aedeagus 
length against latitude revealed a strong and significant negative relationship (r2 = 0.447, P < 
0.0001), with no evidence for a break between B. dorsalis s.s. and B. papayae across the 
Isthmus of Kra between latitudes 13.8ºN and 8.4 ºN (Fig. 9). 
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DISCUSSION 
 
Summary 
 
The observed pattern of population structure resolved along the Thai/Malay peninsula for 
both genetic and morphometric datasets was largely incongruent with that expected for two 
independently-evolving lineages bisected by a historical biogeographic barrier; i.e., there are 
no strong signals to support the existence of two distinct species.  We hypothesised that for 
the current taxonomy to be valid we would expect to see either an abrupt or gradual 
disjunction between two lineages, centred on or around the historical Isthmus of Kra seaway. 
Instead, these data support our second prediction that B. dorsalis s.s. and B. papayae 
represent a single panmictic unit with no obvious disjunction between populations, instead 
showing for most datasets continuous clinal (i.e., isolation by distance) changes as we 
sampled along a north-south transect.  Some distinction between groups was observed 
following CVA on wing shape data for three of the four southernmost sample locations (Khao 
Phang, Nakhon Si Thammarat, Serdang), and this might be used as evidence that these 
represent possible southern B. papayae populations.  However, these sites also differed 
signficantly from each other, which makes it difficult to attribute the variation to simple 
differences between B. dorsalis s.s. and B. papayae; historical isolation of these sites as 
independent rainforest refugia during periods of drying/wetting and sea-level fluctuation 
could be a more likely explanation of the pattern (Woodruff, 2010).  We further develop both 
the biogeographic and systematics implications of our findings below. 
 
Biogeography 
Our understanding of the biogeographic history of the Kra Isthmus is becoming increasingly 
complex.  On the one hand studies with total regional faunas (e.g., birds, Hughes et al., 
2003) and individual species (Rueppell et al., 2011) support the concept of a single 
biogeographic barrier at the Kra Seaway (as shown in Fig. 1).  However, other studies show 
no biogeographic barrier effect of the postulated Kra Seaway (e.g., Pramual et al., 2005), or 
identify alternate zones of faunal and/or population transition further north and south 
(Wikramanayake et al., 2002; de Bruyn et al., 2005; Woodruff & Turner, 2009; Patou et al., 
2010; Hughes et al., 2011).  These alternate biogeographic transition points are possibly 
driven by historically stable climate effects (Pauwels et al., 2003; Hughes et al., 2011) or 
multiple past  marine transgressions into the Thai-Malay Peninsula (Woodruff, 2003; de 
Bruyn et al., 2005).  Our study cannot greatly add to the development of this debate as the 
sampling was not designed specifically to test conflicting biogeographic theories, but rather 
the biological species status of members of a fruit fly complex.  Nevertheless, the data 
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presented here does add one more piece to the larger biogeographic puzzle by reporting a 
population level study in which no marker was found that could unambiguous associate 
variation with the Kra Isthmus.  Statistically significant population level variation in wing 
shape was found in some sampled populations south of the Kra Seaway, but these 
populations also differed largely from each other, suggesting that the differentiation 
represents very localised population effects, rather than a simple north-south vicariance 
across the Kra Isthmus.  Analysis of molecular markers, wing shape and male genitalia 
length all demonstrated significant isolation by distance or clinal effects along the Kra 
Isthmus transect and this is clearly the most common pattern of population differentiation in 
our data.   
 
Systematics 
While our study adds only a small piece of the puzzle to a larger biogeographic 
understanding of the Kra Isthmus, it adds much more to our understanding of the biological 
limits within species of the Bactrocera dorsalis complex of tropical fruit flies.  Bactrocera 
dorsalis s.s. and B. papayae are two very closely related members of B. dorsalis complex.  
Although B. papayae has been described as a separate entity from B. dorsalis s.s. based on 
subtle morphological variation (Drew & Hancock, 1994), reinforced by a subsequent 
morphometric analysis of the male genitalia (Drew et al., 2008), others have been less 
successful in separating these species (Fletcher & Kitching, 1995; Yong, 1995; Iwahashi, 
2001; Smith et al., 2003; Tan, 2003; Clarke et al., 2005).  Wing-shape analysis has been 
shown to separate previously identified (by R.A.I. Drew) collections of these two species 
(Schutze et al., 2012), but that test alone could not identify if inter- or intra-specific variation 
was being detected, in common with many previous studies of this sibling pair.  
In the current study we have attempted to overcome this issue through a structured 
sampling program which crossed from territory generally recognised as containing only B. 
dorsalis s.s. (i.e., north of the Isthmus of Kra) through to territory thought to contain only B. 
papayae (i.e., south of the Isthmus of Kra) (Drew & Hancock, 1994).  In so doing we 
assessed directly if variation in wing shape and male genitalia length, both characters which 
have been previously identified as able to separate these two species (Schutze et al., 2012 
and Drew et al., 2008, respectively), was continuous or disjunct.  Additionally we carried out 
a population microsatellite study of the type which had previously demonstrated continuous 
population variation across the Kra Isthmus for Simulium tani (Pramaul et al., 2005), but 
population disjunction for Apis cerana (Rueppell et al., 2011), giving us confidence that the 
approach was suitable for our question. 
The major outcome of our study is a lack of evidence to support B. dorsalis s.s. and B. 
papayae as different biological species.  Both of the morphological-based approaches show 
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continuous variation along the transect and identify that the differences detected in wing 
shape (Schutze et al., 2012) and in genitalia (Drew et al., 2008) are most parsimoniously 
explained as continuous intraspecific variation, rather than discontinuous interspecific 
variation.  This finding mirrors that of the microsatellite study, which shows no evidence for 
the existence of two or more cryptic populations, but rather that samples were taken from 
one continuous genetic population.  Even between our most extreme northern and southern 
sample sites, which should yield unambiguously either 100% B. dorsalis s.s. or B. papayae, 
respectively (Drew & Hancock, 1994), there was not a significant difference in their 
estimated pairwise RST (Table 4).  It should be remembered that the specimens used for the 
microsatellite analysis for the most part were the same individuals used for wing shape and 
male genitalia measurements, so the outcomes of the three tests can be compared directly. 
It has been recognised previously that B. dorsalis s.s. male genitalia length is variable in 
Thai populations (Iwahashi, 2000), but not that it is a continuous cline.  This clinal variation 
explains why significant differences in male genitalia length have been found between B. 
dorsalis s.s. and B. papayae (Drew et al., 2008), as in that study their sampled populations 
were significantly isolated geographically from each other (Taiwan vs Malaysia), with no 
intermediate collections.  In contrast, flies sampled from Malaysia (B. papayae) and Thailand 
(B. dorsalis s.s.) showed no such significant differences (Iwahashi, 2001), presumably 
because the samples came from geographically closer sites.  With respect to wing shape 
differences, our unpublished data shows that variation in wing shape extends far to the south 
and north of the Kra Isthmus, with highly significant isolation by distance effects in wing 
shape for B. dorsalis s.l. populations sampled around the South China Sea from Taiwan to 
the Philippines.   
 
The B. dorsalis complex and integrative taxonomy 
An increasing body of international literature has failed to find consistent biological 
differences between B. dorsalis s.s. and B. papayae (Fletcher & Kitching, 1995; Yong, 1995; 
Iwahashi, 2000, 2001; Muraji & Nakahara, 2001; Smith et al., 2003; Tan, 2003; Armstrong & 
Ball, 2005; Tan et al., 2011).  Morphological variation in wing shape and male genetalia were 
two measures considered to separate these taxa (Drew et al., 2008; Schutze et al., 2012), 
but here we have shown that these are clinally variable traits and are thus unlikely to 
discriminate species.  Similarly, in the only geographic region where these two taxa are 
considered to abut or overlap in their geographic ranges, we found no evidence of 
population structure commensurate with the existence of two biological species.  The results 
of this paper thus represet independent tests of specific hypotheses concerning the 
delimitation of these two taxa and contribute to a more robust final decision about the 
species boundaries. 
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In addition to the published literature, the authors are aware of much larger, but yet 
unpublished body of data on the B. dorsalis complex which includes not only B. dorsalis s.s. 
and B. papayae, but also the sibling taxa B. philippinensis, B. carambolae and B. invadens.  
These data includes genetic, morpholgical, behavioural,egg viability and comparative 
chromosomal studies, gathered as part of an international collaboration coordinated by the 
FAO/IAEA Pest Control Program (http://www-naweb.iaea.org/nafa/ipc/crp/ipc-tephritid-pests-
sit.html).  While covering several fruit fly species complexes, this program may be the largest 
coordinated integrative taxonomy program ever undertaken for an insect group.  For the B. 
dorsalis complex alone, the research involves independent laboratories in Australia (2), 
China, Greece, Italy, Kenya, Malaysia, New Zealand, Tanzania, Thailand (2) and the USA 
(2).  The research truly fits the concept of integrative taxonomy in that specific hypotheses 
concerning species delimitation are being tested through indepedent approaches and 
laboratories, with the outcome of one test not modifying the interpretation of another.  The 
international group has further agreed that only when all research is finalised and a 
concesus outcome reached, will formal taxonomic actions be considered.  Given how large 
and diverse is the research effort, the philosophical framework offered by integrative 
taxonomy is the only scientifically valid and robust mechanism by which a final outcome on 
the species limits of these flies will be reached. 
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Table 1. Sample collection sites and numbers of individuals used for microsatellite, wing 
shape, and aedeagus length analyses for samples of male Bactrocera dorsalis s.l. collected 
from 14 localities across the Thai/Malay peninsula. 
Location Latitude Longitude # microsatellite # wing shape # aedeagus 
1. San Pa Tong 18.627 98.895 30 27 5 
2. Bangkok 13.842 100.573 30 29 5 
3. Samut Sakhon 13.569 100.247 20 19 5 
4. Thap Khang 13.203 99.831 28 21 5 
5. Sam Phraya 12.626 99.869 29 28 5 
6. Saeng Arun 11.574 99.645 28 25 5 
7. Salui 10.850 99.239 23 20 5 
8. Khun Krathing 10.469 99.126 29 26 5 
9. Samo Thong 9.567 99.128 14 17 5 
10. Ta Rong 9.041 99.154 12 12 5 
11. Khao Phang 8.960 98.819 13 13 5 
12. Khao Sok 8.920 98.529 10 10 5 
13. Nakhon Si Thammarat 8.420 99.897 23 18 5 
14. Serdang 3.006 101.700 29 20 5 
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Table 2. Primer sequences, citations and reaction details for microsatellite loci used. 
Locus Primer sequence (5’-3’) 
TM 
(°C) 
Vol. of 
MyTaq 
Red Buffer 
(µL) 
Reference 
MS3 f - CGACATCACAGTCACAAACGC 
55 2 
Dai et al. 
(2004)  r - GCCAATACAATACAATGCTCAGTGG 
MS5 f - TTTCACTTAGCTCCTCTAGCAC 
53 2 
Dai et al. 
(2004)  r - AACAGTTACCTTGGAGCAACTAAAG 
Bd1 f - TGCTTAACAGTAATTGCTCC 
46 2 
Aketarawong 
et al. (2006)  r - TAAGCAGTAAACAATAAAGTTC 
Bd7 f - AGCCACTTGTTGGTCAC 
47 2 
Aketarawong 
et al. (2006)  r - TAAGTGGAGGCAAAGAAC 
Bd9 f - GCTGATATGTGTGCGTCTTA 
48 1.75 
Aketarawong 
et al. (2006)  r - ATCTCGTATTGTGGTTGCTT 
Bd39 f - GGTCAAACAAATCACTCAG 
48 1.75 
Aketarawong 
et al. (2006)  r - CCGTTATATCAGGCAAATC 
Bd42 f - GCACAGTGAGCGTTACAAG 
50 2 
Aketarawong 
et al. (2006)  r - ACACAAAAAACGCTCAAGTC 
Bd54 f - CAAAGCAAAGCAAAATCAGAA 
48 2 
Aketarawong 
et al. (2006)  r - GTGGACTAACCGCTTGTGTAT 
Bd76 f - ACTTCATTACACTTTCGTTG 
46 2 
Aketarawong 
et al. (2006)  r - GCTGGAATGAAAAGTCTC 
Bd85
B 
f - GTTTCACATTTTTCCATTTTC 
46 2 
Aketarawong 
et al. (2006) 
 r - GCAAGCAAGGAATAGGTG 
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Table 3. Population genetic summary statistics for each of ten microsatellite loci for 
individuals of 14 Bactrocera dorsalis s.l. populations sampled from Thailand and Peninsular 
Malaysia. 
Locus FIS FIT FST No. of alleles 
Observed 
heterozygousity 
Expected 
heterozygousity 
MS3 0.155 0.188 0.039 16 0.47588 0.57472 
MS5 0.084 0.120 0.039 15 0.60897 0.67990 
Bd1 0.123 0.148 0.029 10 0.69103 0.81200 
Bd7 0.287 0.314 0.038 5 0.22337 0.30038 
Bd9 0.101 0.124 0.026 17 0.60403 0.68491 
Bd39 0.195 0.236 0.050 10 0.47634 0.62189 
Bd42 0.083 0.123 0.044 13 0.56329 0.64122 
Bd54 0.513 0.544 0.063 17 0.38225 0.79534 
Bd76 0.140 0.180 0.046 8 0.26230 0.32078 
Bd85B 0.276 0.305 0.040 11 0.56338 0.79070 
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Table 4. Among-site pairwise RST estimates between 14 sample sites of Bactrocera dorsalis s.l. collected from a north-south transect across 
Thailand (sites 1-13) and Peninsular Malaysia (site 14). Values in bold were significant after Bonferonni correction for multiple tests, with the 
initial α=0.05. 
 1 2 3 4 5 6 7 8 9 10 11 12 13 
1. San Pa Tong -             
2. Bangkok 0.00938 -            
3. Samut Sakhon 0.00482 -0.00698 -           
4. Thap Khang 0.06863 0.02473 0.03763 -          
5. Sam Phraya 0.03253 -0.00049 0.01237 -0.01052 -         
6. SaengArun 0.01696 0.01854 0.02303 0.04253 0.02869 -        
7. Salui -0.00231 -0.00013 -0.00771 0.02283 0.00662 0.00541 -       
8. KrunKrathing 0.04804 0.02481 0.03637 -0.00612 -0.00141 0.03830 0.01270 -      
9. Samo Thong 0.01210 -0.01582 0.00405 0.03201 0.01417 0.04024 0.00941 0.04693 -     
10. Ta Rong 0.03082 0.00973 0.02931 0.02858 -0.00770 0.04246 0.02007 0.01009 -0.01961 -    
11. Khao Phang 0.01112 -0.00252  0.00476  0.04611  0.01179 0.04474  0.01298 0.05077  -0.01168  0.00382  -   
12. KhaoSok 0.01074  0.02111 0.03006 0.04772 -0.00891 0.01614 -0.00410 0.03860 0.00590 0.00873 0.01212 -  
13. Nakhon Si Thammarat -0.03355 -0.01197 -0.00785 0.06376 0.03838 0.01570 -0.00683 0.06491 -0.01744 -0.00993 0.01667  -0.06837 - 
14. Serdang, Malaysia 0.04694 0.03737 0.05969 0.12152 0.08547 0.07868 0.06664 0.12634 0.01329 0.06734 0.01589 0.01068  0.02219 
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Table 5. Summary statistics for canonical variates analysis of groups of Bactrocera dorsalis 
s.l. collected from 14 sites across a latitudinal gradient from northern Thailand to Peninsular 
Malaysia. 
CV Eigenvalues % Variance  Cumulative % 
1 0.83 30.23 30.23 
2 0.57 20.69 50.92 
3 0.28 10.32 61.24 
4 0.24 8.55 69.79 
5 0.20 7.08 76.88 
6 0.16 5.88 82.76 
7 0.15 5.52 88.28 
8 0.12 4.42 92.71 
9 0.07 2.46 95.17 
10 0.05 1.75 96.91 
11 0.04 1.27 98.18 
12 0.03 1.05 99.23 
13 0.02 0.77 100.00 
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Table 6. Pairwise Mahalanobis distances between 14 sample sites of Bactrocera dorsalis s.l. collected from a north-south transect across 
Thailand (sites 1-13) and Peninsular Malaysia (site 14). Values below the diagonal represent Mahalanobis distances as calculated from 
canonical variates analysis on all 14 sites.  Values above the diagonal are geographic distances (km) between sample sites.  Values in bold 
were significant after Bonferonni correction for multiple tests, with the initial α=0.05 and the corrected P < 0.0005). . 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1. San Pa Tong - 561 581 611 675 788 866 907 1008 1066 1075  1080 1140 1764 
2. Bangkok            1.48 - 46 107 155 272 363 407 501 556 576  591 607 1211 
3. Samut Sakhon 2.50 1.68 - 61 113 231 322 366 461 517 536 550  574 1185 
4. Thap Khang 2.12 1.60 1.44 - 64 182 269 314 412 469 485 497  532 1152 
5. Sam Phraya         1.66 1.38 2.00 1.70 - 119 209 253 350 406 423 437  468 1089 
6. Saeng Arun 2.07 1.94 2.09 2.00 1.53 - 92 135 230 287 304 319  352 979 
7. Salui 2.09 1.84 1.84 1.74 1.70 1.52 - 44 143 201 215 228  280 914 
8. Krun Krathing 2.31 2.05 1.69 1.73 2.14 1.96 1.24 - 100 159 171 184  243 877 
9. Samo Thong         2.56 2.31 2.22 2.24 2.26 1.98 2.16 2.09 - 58 76 97  153 783 
10. Ta Rong 2.38 2.11 2.08 1.94 1.98 1.76 1.45 1.71 1.87 - 38 70  107 728 
11. Khao Phang 4.16  3.71  3.21  3.01  3.57  3.32  2.97  2.82  3.01  2.61  - 32 133  735 
12. Khao Sok 2.94 2.68 2.66 2.43 2.27 2.53 2.35 2.49 2.14 2.46 3.18 - 160 745 
13. Nakhon Si 
Thammarat 3.06 2.51 2.30 2.79 2.40 2.46 2.42 2.34 2.53 2.76 3.30  2.87 - 634 
14. Serdang, Malaysia            3.54 3.03 2.96 3.40 3.04 2.86 2.98 3.03 3.21 2.86 3.66  3.49 2.40 - 
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Figure Captions 
Figure 1. Geographical location of sample sites along the Thai/Malay peninsula from which 
Bactrocera dorsalis s.l. were collected. Specific collection data is presented in Table 1. The 
putative location of the Isthmus of Kra seaway is given as a solid black line bisecting the 
peninsula [after 2, 6]. 
Figure 2. Right-hand wing of Bactrocera dorsalis s.s. showing the fifteen landmarks used to 
generate geometric morphometric shape data. Scale = 1mm. 
Figure 3. Dissected aedeagus of Bactrocera dorsalis s.s. depicting morphometric 
measurement taken between base of the aedeagus and base of the distiphallus. 
Figure 4. Multidimensional scaling plot based on pairwise among-site RST estimates for 
Bactrocera dorsalis s.l. collected from 14 sites across the Thai/Malay peninsula. Individual 
points are sample sites plotted in two-dimensional space and site numbers are as per Figure 
1 and Table 1. 
Figure 5. Regression of pair-wise genetic distances (RST) against geographic distance (km) 
calculated for Bactrocera dorsalis s.l. collected from 14 sample sites across Thailand and 
Malaysia. 
Figure 6.Graphical representations of Bayesian cluster analysis based on 10 microsatellite 
loci obtained from Bactrocera dorsalis s.l. collected from 14 sites across the Thai/Malay 
peninsula. The first four plots show population assignment results for different values of K: a) 
K = 2; b) K = 3; c) K = 4; d) K = 5. Each vertical line represents a single individual and its 
cluster assignment to a particular cluster is given as a particular colour. Solid black lines 
separate individuals from each of the 14 sampled sites. Panel e) shows the relationship of 
∆K to each value of K across runs. The median value is that which is most highly supported 
as the optimum value of K for the analysed sample. 
Figure 7.Confidence ellipses (95%) of groups for canonical variates 1 and 2 calculated from 
wing shape data for Bactrocera dorsalis s.l. sampled from 14 sites across Thailand and 
Peninsular Malaysia. Individual data points have been removed for clarity. The two most 
latitudinally extreme locations, San Pa Tong Thailand (northernmost site) and Serdang 
Malaysia (southernmost site), are bolded. 
Figure 8. Regression of Mahalanobis distances against geographic distance (km) of 
Bactrocera dorsalis s.l. wings collected from 14 locations across Thailand and Malaysia. 
Figure 9. Regression of aedeagus lengths (mm) taken from five Bactrocera dorsalis s.l. 
males for each of 14 sample sites against a latitudinal gradient from northern Thailand to 
Peninsular Malaysia. Note that some sites appear to contain less than five individuals; this is 
due to some individuals having the same length aedeagus (e.g., the northernmost location 
which appears to have only three samples). 
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Supplementary File 1. Wing centroid size data for male Bactrocera dorsalis s.l. flies 
collected from 14 sites across southeast Asia. Sample sites arranged from north to south 
(left to right) with sites sharing the same letter denoting locations where wing size was not 
significantly different (P > 0.05). 
